The r e s u l t s o f t h e i n v e s t i g a t i o n i n d i c a t e t h a t BN f i l m s on n o n m e t a l l i c s u b s t r a t e s , l i k e metal f i l m s on m e t a l l i c s u b s t r a t e s , deform e l a s t i c a l l y and C I 2 m I p l a s t i c a l l y i n t h e i n t e r f a c i a l r e g i o n when i n c o n t a c t w i t h a diamond p i n .
p l a s t i c a l l y i n t h e i n t e r f a c i a l r e g i o n when i n c o n t a c t w i t h a diamond p i n . However, u n l i k e metal f i l m s and s u b s t r a t e s , BN f i l m s on n o n m e t a l l i c s u b s t r a t e s can f r a c t u r e when t h e y a r e c r i t i c a l l y loaded. Not o n l y does t h e y i e l d p r e s s u r e (hardness) o f S i and S l o p s u b s t r a t e s i n c r e a s e by a f a c t o r o f 2 i n t h e presence o f a BN f i l m , b u t t h e c r i t i c a l l o a d needed t o f r a c t u r e i n c r e a s e s as w e l l . The presence o f f i l m s on t h e b r i t t l e s u b s t r a t e s can a r r e s t c r a c k f o r m a t i o n . The
BN f i l m reduces adhesion and f r i c t i o n i n t h e s l i d i n g c o n t a c t . BN adheres t o *Trade names o r m a n u f a c t u r e r s ' names a r e used i n t h i s r e p o r t f o r i d e n t i f i c a t i o n o n l y . T h i s usage does n o t c o n s t i t u t e an o f f i c i a l endorsement, e i t h e r expressed o r i m p l i e d , by t h e N a t i o n a l Aeronautics and Space A d m i n i s t r a t i o n .

INTRODUCTION
Advanced p r o p u l s i o n systems such as gas t u r b i n e s and a d i a b a t i c d i e s e l engines a r e designed t o a c h i e v e h i g h e f f i c i e n c y t h r o u g h h i g h e r o p e r a t i n g temperatures and r o t a t i o n a l speeds [1, 2] .
problems.
operate over a temperature range t h a t exceeds t h e c a p a b i l i t y o f c o n v e n t i o n a l l i q u i d u b r i c a n t s : t h a t i s , t h e i r thermal o x i d a t i o n l i m i t s [ 3 , 4 ] .
None o f t h e l i q u i d u b r i c a n t s a v a i l a b l e today a r e u s e f u l beyond 350 "C. Obvious c a n d i d a t e m a t e r i a s f o r f u l f i l l i n g these needs a r e i n o r g a n i c compounds. Indeed,
c o n v e n t i o n a l s o l i d l u b r i c a n t s (such as CaF2/BaF2 b i n a r y e u t e c t i c c o a t i n g s and
PbO/Si02 c o a t i n g s I n an o x i d i z i n g atmosphere, as w e l l as MoS2 and g r a p h i t e i n a n o n o x i d i z i n g atmosphere) have been used a t h i g h temperatures [ 2 ] .
The use o f ceramics ( b o t h i n b u l k and c o a t i n g forms) i n a vacuum o r space environment has t r i b o l o g i c a l b e n e f i t s , because o f t h e low adhesion o f ceramics i n c o n t a c t w i t h themselves or w i t h o t h e r s o l i d s such as m e t a l s [SI. F u r t h e r , a t h i g h temperatures i n a vacuum environment, h e a t i n g a ceramic such as s i l i c o n c a r b i d e can r e s u l t i n t h e g r a p h i t i z a t i o n o f t h e ceramic s u r f a c e w i t h t h e g r a p h i t e f u n c t i o n i n g t o reduce adhesion and f r i c t i o n . p r o v i d e d f r o m t h e ceramic m a t e r i a l i t s e l f [ 6 , 7 ] .
These c o n d i t i o n s l e a d t o two p r i m a r y F i r s t , b e a r i n g s and o t h e r l o a d -c a r r y i n g c o n t a c t s a r e r e q u i r e d t o A l u b r i c a t i n g f i l m i s , t h e r e f o r e , Secondly, a t very h i g h r o t a t i n g speeds c e n t r i f u g a l f o r c e s f r o m t h e r o l l i n g elements l e a d t o e x t e n s i v e o v e r l o a d o f t h e r o t a t i n g mechanical components. One s o l u t i o n t o t h i s problem i s t o reduce t h e d e n s i t y o f t h e m a t e r i a l used f o r t h e r o l l i n g elements and thereby decrease t h e c e n t r i f u g a l l o a d i n g . An a t t r a c t i v e s o l u t i o n i s t o use ceramics f o r t h e r o t a t i n g mechanical components [ a ] . For example, s i l i c o n n i t r i d e has a d e n s i t y a p p r o x i m a t e l y 40 p e r c e n t t h a t o f t o o l substrates used for scratch experiments were Si, SiOz, GaAs, and InP (Table I) . 
The
APPARATUS
EXPERIMENTAL PROCEDURE
The experiments were conducted i n a l a b o r a t o r y a i r atmosphere. The diamond p i n surfaces were scrubbed w i t h l e v i g a t e d alumina ( 1 -and 1 / 4 -p m p a r t i c l e diameters) and w e r e r i n s e d w i t h t a p water, t h e n w i t h d i s t i l l e d water, and f i n a l l y w i t h 200-proof e t h y l a l c o h o l b e f o r e each s i n g l e -p a s s s l i d i n g experiment.
use. A f t e r t h e surfaces o f t h e p i n and t h e BN f i l m had been d r i e d w i t h n i t r o g e n gas, t h e specimens w e r e placed i n t h e f r i c t i o n and wear apparatus.
The specimen surfaces w e r e then brought i n t o c o n t a c t and loaded, and t h e f r i c t i o n experiment was begun. That i s , t h e f i l m s were [3, 4, 5, 15] .
The XPS and AES/SIM analyses revealed t h a t t h e BN f i l m s were n o n s t o i c h i o m e t r i c , w i t h a B/N r a t l o o f a p p r o x i m a t e l y 2, and t h a t t h e y c o n t a i n e d small amounts of oxides and c a r b i d e s i n a d d i t i o n t o BN
F r i c t i o n and Wear
When a diamond hemisphere s l i d e s on a BN f i l m d e p o s i t e d on a n o n m e t a l l i c s u b s t r a t e , t h e s u r f a c e damage i s i n d i c a t e d i n two main f e a t u r e s . F i r s t , t h e diamond i n d e n t s and s l i d e s on t h e BN f i l m w i t h o u t i t s e l f s u f f e r i n g permanent deformation, b u t i t causes permanent d e f o r m a t i o n i n t h e BN f i l m -t h e s c r a t c h has t h e t y p i c a l grooved appearance c h a r a c t e r i s t i c of m e t a l s o r o t h e r d u c t i l e m a t e r i a l s . Secondly, i n s p i t e o f t h i s gross p l a s t i c d e f o r m a t i o n , t h e s l i d i n g a c t i o n a l s o produces v i s i b l e microscopic c r a c k i n g o f t h e BN f i l m and t h e s u b s t r a t e . i n and near t h e r e g i o n o f c o n t a c t w i t h t h e diamond. M i c r o s c o p i c fragmentation o f t h e BN f i l m i s o c c a s i o n a l l y observed Acoust c emissions were released and d e t e c t e d when t h e i n t r i n s i c c o h e s i v e bonds i n t h BN f i l m and/or i n t h e s u b s t r a t e , as w e l l as adhesive bonds
between t h e BN f i l m and t h e substrate, were broken w i t h a new s u r f a c e b e i n g c r e a t e d . The p a t t e r n and i n t e n s i t y o f t h e a c o u s t i c emission depend on t h e n a t u r e o f t h e d i s t u r b a n c e : p l a s t i c f l o w , c r a c k i n g , o r f l a k i n g o f fragments.
F i g u r e 1 presents t y p i c a l a c o u s t i c emission t r a c e s f o r a BN f i l m d e p o s i t e d
on a n o n m e t a l l i c s u b s t r a t e . When t h e BN f l l m s u r f a c e i s brought i n t o c o n t a c t w!th t h e diamond p i n under a small load, which i s lower t h a n t h e c r i t i c a l loads needed t o f r a c t u r e i n t r i n s i c cohesive bonds i n t h e BN f i l m on t h e s u b s t r a t e ( T a b l e 1 1 ) , no acoustic emission i s d e t e c t e d ( F i g . l ( a ) ) . A f t e r t h e diamond had passed over the s u r f a c e o n l y once, scanning e l e c t r o n m i c r o s c o p i c e x a m i n a t i o n o f t h e wear t r a c k i n d i c a t e d t h a t a permanent groove was formed i n t h e BN f i l m , much l i k e l n m e t a l l i c f i l m s under s i m i l a r c o n d i t i o n s [ 1 6 ] . However, t h e BN f l l m was n o t observed t o crack w i t h s l i d i n g . An i n c r e a s e in l o a d t o o r above t h e c r i t l c a l loads needed t o f r a c t u r e t h e i n t r i n s l c cohesive bonds i n t h e BN f i l m and I n t h e s u b s t r a t e , however, r e s u l t e d i n a small amount o f c r a c k i n g i n and near t h e p l a s t i c a l l y deformed groove.
The a c o u s t i c emission t r a c e i n d i c a t e d evidence o f a f l u c t u a t i n g a c o u s t j c emission s i g n a l o u t p u t ( F i g . l ( b ) ) .
A c o u s t i c emission was observed when t h e s l i d i n g appeared t o i n v o l v e small amounts o f c r a c k i n g i n a d d i t i o n t o p l a s t i c f l o w . Such a c o u s t i c emission i s due t o t h e release o f e l a s t i c energy when cracks propagate i n t h e 6N f i l m and i n t h e s u b s t r a t e . When a much h i g h e r l o a d was a p p l i e d t o t h e BN f i l m , t h e s l i d i n g a c t i o n produced ( i n a d d i t i o n t o p l a s t i c f l o w ) l o c a l l y gross s u r f a c e and subsurface
f r a c t u r i n g I n the f i l m , I n t h e s u b s t r a t e , and a t t h e i n t e r f a c e between t h e BN f i l m and t h e s u b s t r a t e . I n such cases t h e a c o u s t i c emission t r a c e s a r e p r i m a r i l y c h a r a c t e r i z e d by chevron-shaped behavior ( F l g . l ( c ) ) .
C o e f f i c i e n t o f F r i c t i o n
The c o e f f i c i e n t s o f f r i c t i o n measured i n l a b o r a t o r y a i r f o r BN f i l m s on t h e S i , S102, GaAs, and I n P s u b s t r a t e s a r e presented i n F i g . 2, t o g e t h e r w i t h comparative data f o r uncoated S i , S i 0 2 , GaAs, and InP. f r i c t i o n depend on t h e t y p e of n o n m e t a l l i c s u b s t r a t e on which t h e BN was 
e d t h a t t h e s l i d i n g a c t i o n o f t h e diamond burnished t h e BN f i l m t o t h e s u b s t r a t e . When t h i s occurs, t h e diamond does not e n t i r e l y break t h r o u g h t h e BN f i l m i n t h e c o n t a c t area and does n o t come i n d i r e c t c o n t a c t w i t h t h e undoped JnP s u b s t r a t e . The c o e f f i c i e n t o f f r i c t i o n i s n o t constant and depends on t h e a p p l i e d normal l o a d i n t h e ranges i n d i c a t e d i n F t g . 2.
There a r e g e n e r a l l y t h r e e main o b s e r v a t i o n s t o be made from t h e d a t a . 
The drastic increase in friction is due t o the catastrophic gross surface
and subsurface fracturing of the BN film and the substrate. Host of the frictional energy is dissipated in the fracturing process during sliding.
Y i e l d Pressure and Meyer's Law S c r a t c h measurements were conducted w i t h a BN f i l m d e p o s i t e d on t h e s u b s t r a t e s , s t a r t i n g from t h e smallest loads a t whIch t h e scratches were
v i s i b l e by o p t i c a l and scanning e l e c t r o n mjcroscopy.
The w i d t h D and h e i g h t H of a groove w i t h some amount o f deformed BN p i l e d up a l o n g i t s sides a r e d e f i n e d i n F i g . 3. r e p o r t e d h e r e i n were o b t a i n e d by averaging t h e w i d t h s f r o m 10 o r more measurements o f o p t i c a l o r scanning-electron microscope o b s e r v a t i o n s . Mean c o n t a c t p r e s s u r e ( y i e l d pressure) P d u r i n g s l i d i n g may t h e n be d e f i n e d by P = W/AS, where W i s t h e a p p l i e d load and AS i s t h e p r o j e c t e d c o n t a c t 2 area g i v e n by
w i t h t h e f l a t ) [15, 19] .
The w i d t h s o f t h e grooves AS = r D / 8 ( o n l y the f r o n t h a l f o f t h e p i n i s i n c o n t a c t The y i e l d p r e s s u r e over t h e contact area g r a d u a l l y i n c r e a s e d u n t i l t h e d e f o r m a t i o n passed t o a f u l l y p l a s t i c s t a t e , as presented i n F i g s . 4 ( a ) t o ( d ) .
The mean c o n t a c t p r e s s u r e a t a f u l l y p l a s t i c s t a t e and a p p r o x i m a t e l y 25 p e r c e n t g r e a t e r t h a n t h e measured V i c k e r s hardness (Tables I1 and 111 ).
Pm i s p r o p o r t i o n a l t o The y i e l d pressure o f S i and Si02 Increased by a f a c t o r o f 2 w i t h t h e presence o f BN f i l m s ( F i g s . 4(a) and ( b ) ) . When t h e l o a d exceeds a c e r t a i n c r i t i c a l v a l u e ( F i g . 4 ( a ) ) , t h e s l i d i n g a c t i o n w i t h t h e diamond on t h e BN f I l m d e p o s i t e d on S i produces l o c a l l y gross surface and subsurface f r a c t u r i n g i n t h e BN f i l m and i n t h e S i s u b s t r a t e . The p o r t i o n FF i n F i g . 4 ( a ) r e p r e s e n t s t h e c o n d i t i o n o f severe f r a c t u r e , and t h e y i e l d p r e s s u r e f a l l s w i t h i n c r e a s i n g l o a d .
There was no gross f a i l u r e o f i n t e r f a c i a l adhesive bonds between t h e BN f i l m and t h e SI02 s u b s t r a t e observed over t h e e n t i r e l o a d range ( F i g . 4 ( b ) ) .
Therefore, t h e y i e l d p r e s s u r e a t the f u l l y p l a s t i c s t a t e remained c o n s t a n t . (Figs. 4(c) and (d) ). Adhesion and Shear S t r e n g t h S i l i c o n . -W i t h uncoated S i (Table 111) , t h e c r i t i c a l l o a d t o f r a c t u r e cohesive bonds i n t h e S i was 5 N i n s l i d i n g c o n t a c t . W i t h t h e BN f i l m d e p o s i t e d on t h e S i s u b s t r a t e , however, c r a c k i n g o c c u r r e d a t a l o a d o f 7 N ( T a b l e 11). The BN f i l m on t h e S i plays an I m p o r t a n t r o l e i n s u r f a c e f r a c t u r e .
The yield pressures for BN films on doped GaAs and on InP are the same as those for the uncoated surfaces of doped GaAs and InP
The presence o f BN f i l m i s v e r y e f f e c t i v e i n i n c r e a s i n g t h e c r i t i c a l l o a d needed t o i n i t i a t e f r a c t u r e I n S i . A s i m i l a r t r e n d was observed w i t h good . . 
Benjamin and Weaver [ 2 1 ] d e r i v e d t h e f o l l o w i n g expressions f o r s c r a t c h adhesion i n terms o f shearing s t r e s s S produced a t t h e c o a t i n g -s u b s t r a t e i n t e r f a c e by t h e p l a s t i c deformation, t h e hardness o f t h e s u b s t r a t e ( y i e l d p r e s s u r e a t f u l l y p l a s t i c s t a t e Pm), t h e c r i t i c a l l o a d a p p l i e d on t h e p i n and t h e t i p r a d i u s o f t h e p i n R :
wC 2wC S rnDR These r e l a t i o n s a l l o w f o r t h e c a l c u l a t i o n o f t h e shear s t r e n g t h ( i . e . , t h e The r e s u l t s a r e presented adhesion s t r e n g t h o f t h e i n t e r f a c i a l bonds) [19, 21] . i n Table I 
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